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ABSTRACT

RNA biochemical or structural studies often require an RNA sample that is chemically pure, and most protocols for its in vitro
production use denaturing polyacrylamide gel electrophoresis to achieve this. Unfortunately, many RNAs do not quantitatively
refold into an active conformation after denaturation, creating significant problems for downstream characterization or use. In
addition, this traditional purification method is not amenable to studies demanding high-throughput RNA production. Recently,
we presented the first general method for producing almost any RNA sequence that employs an affinity tag that is removed
during the purification process. Because technical difficulties prevented application of this method to many RNAs, we have
developed an improved version that utilizes a different activatable ribozyme and affinity tag that are considerably more robust,
rapid, and broadly applicable.
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INTRODUCTION

Recent discoveries indicate that the typical cell contains a
diverse population of small RNAs, riboregulatory elements,
and ribonucleoproteins that play a role in almost every level
of the flow of genetic information and even inheritance (for
review, see Costa 2007; Prasanth and Spector 2007). Many
of these RNAs are poorly characterized, but sequence
conservation patterns suggest that part of their function
is conferred by their ability to fold into complex shapes.
Thus, a crucial part of understanding these RNAs is a bio-
chemical and structural characterization of their secondary
and tertiary architecture. However, most investigations still
employ methodologies that denature these RNAs during
purification following in vitro transcription by T7 RNA
polymerase (Milligan et al. 1987; Doudna 1997). The
pitfalls of these methods are well known, often leading to
misfolded or aggregated material that is unsuitable for
further analysis (Uhlenbeck 1995).

Several different methods and protocols recently have
been developed to overcome this issue. The first uses chro-

matography to purify RNA after transcription. Currently,
size exclusion chromatography is the most powerful
method in that it can resolve fully transcribed RNA from
small abortive products, ribozymes used for 59- or 39-end
processing, plasmid template, and also multimeric species
(Lukavsky and Puglisi 2004; Kim et al. 2007). Ion-exchange
chromatography also is used, but typically is limited to
small (> 50 nucleotides [nt]) oligonucleotides (Anderson
et al. 1996; Shields et al. 1999). A second recently developed
method uses affinity capture by an immobilized DNA
oligonucleotide and a DNAzyme to liberate the product
RNA (Cheong et al. 2004). Concurrently, our laboratories
developed a ‘‘native RNA purification tag’’ that uses an
RNA–protein interaction for immobilization and an
imidazole-activated hepatitis delta virus (HdV) ribozyme
for elution of the desired RNA (Kieft and Batey 2004). This
technique has been successfully employed to solve the
structure of the guanine riboswitch (Batey et al. 2004).
Unfortunately, none of these techniques has replaced the
use of denaturing gel electrophoresis as a dominant puri-
fication technique owing to individual idiosyncrasies that
prevent their adoption for a broad range of purposes.

Our goal is to implement a technique for native RNA
purification easily accessible to a wide range of researchers
with minimal difficulty. To address several technical issues
that have arisen with the original native RNA purification
tag, we have redeveloped it to use an MS2 coat protein as a
means of immobilization (Zhou et al. 2002) and the glmS
ribozyme (Winkler et al. 2004) as a means of removing the
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39-affinity tag (Fig. 1A). Furthermore, by employing com-
mercially available nickel-affinity resin, this method can
rapidly purify RNA on the nanogram scale using spin
columns or up to milligrams on gravity columns using
techniques that are familiar to most laboratories. The re-
sultant improved method maintains the high-throughput,
parallel purification features of the original method, with
increased applicability and reliability.

RESULTS AND DISCUSSION

Motivation for redeveloping the original RNA native
affinity tag came through feedback from users who expe-

rienced technical issues during implementation. First, the
TmaM-domain protein, which captures full-length tran-
script precipitates in low salt concentrations (<200 mM
NaCl), is a problem during cation exchange chromato-
graphy and the AffiGel-10 coupling steps. While this
problem can be overcome by minimizing the time the
protein spends at low ionic strength conditions, many users
found this issue difficult to resolve. Second, while the
TmaM-domain columns can be regenerated and reused, we
found that they became ineffective after repeated use.
Third, the original activatable ribozyme was the hepatitis
delta virus (HdV) ribozyme containing a point mutation
(C75U) that causes it to become active only in the presence
of 0.2 M imidazole (Perrotta et al. 1999). Complete
cleavage requires incubating the RNA on the column with
imidazole at 37°–42°C for 2 h. During this time the RNA
can significantly degrade, an undesirable feature of a puri-
fication process. Finally, certain RNA sequences do not
cleave even after prolonged incubation, presumably due to
alternate and unpredictable secondary structures at the
cleavage site.

Design of the affinity tag

The design of the new affinity tag vectors is based on the
previous version of the system, as embodied by the
pRAV12 vector (Kieft and Batey 2004). As with pRAV12,
these new vectors (called pRAV23 and pRAV24) are
derived from pUC19 with all insertions made between
the unique EcoRI and HindIII sites. For a new activatable
ribozyme, we now employ the recently discovered ribozyme
that is activated by glucosamine-6-phosphate (GlcN6P),
which controls expression of the glmS gene (Winkler et al.
2004). We chose the ribozyme from Bacillus subtilis as it has
been characterized biochemically (McCarthy et al. 2005;
Hampel and Tinsley 2006; Jansen et al. 2006; Roth et al.
2006), and the structures of closely related RNAs are known
(Klein and Ferre-D’Amare 2006; Cochrane et al. 2007). As
the distal loop of the P1 helix is variable and supports
different sequences, we placed a unique KpnI site there to
allow one to readily insert the desired RNA sequence
upstream of the ribozyme (Fig. 1B).

For immobilization, we now employ a hexahistidine-
tagged form of the MBP-MS2 coat fusion protein (HMM).
This protein has high affinity for a small stem–loop
structure (Lim et al. 1994; LeCuyer et al. 1995) and has
been used successfully for pull-down and immobilization
methods (Zhou et al. 2002; Yu et al. 2005) as well as
molecular techniques for visualization of RNA (Bertrand
et al. 1998; Rook et al. 2000; Zhang and Simon 2003). Many
laboratories have experience with this (or a similar) pro-
tein, and it is easily expressed, purified, and manipulated by
the user. Furthermore, as our version of this fusion pro-
tein has a 6xHis-tag, we can adopt Ni2+-affinity chroma-
tography (Crowe et al. 1994) for immobilization, a very

FIGURE 1. (A) Scheme for the native purification of any desired
sequence (‘‘RNA X’’) using the new affinity tag. H6 denotes a 6x
histidine tag. (B) Sequence of the RNA expression vector pRAV23
with the relevant restriction sites and elements denoted. The asterisks
above the AG step near the NgoMIV site denotes the cleavage site for
the glmS ribozyme such that the adenine will be left at the 39-end of
the RNA product. The sequence between the EcoR1 and HindIII sites
is inserted into pUC19 to yield pRAV23.

Affinity-tagged RNA purification

www.rnajournal.org 1385



commonly used technique and thus readily accessible by
most laboratories.

To adopt the RNA affinity tag for use with the MBP-MS2
protein, we inserted two tandem MS2 coat protein-binding
stem–loops between the XbaI and BamHI sites following
the glmS ribozyme to create the pRAV23 vector (Fig. 1B). A
second vector, pRAV24, is also available in which the
original TmaM-domain binding sites have been preserved.

Development of a purification scheme

Several issues relating to the new system needed to be
addressed prior to its full implementation. First, several
groups have noted that the glmS ribozyme is activated at a
low level by a number of compounds including Tris buffer
(McCarthy et al. 2005; Roth et al. 2006), which is used in
many standard reactions, including the PCR reaction used
to generate the template and the transcription reaction for
RNA synthesis. We have likewise observed that even low
quantities of Tris (z 10 mM) induce a substantial amount
of background cleavage during the timescale of the purifi-
cation procedure. Thus, we have reformulated the PCR and
transcription buffers to use K+-HEPES rather than Tris-
HCl, which does not adversely affect the yield of either DNA
(data not shown) or RNA product (Fig. 2A). As our enzymes
(T7 RNA polymerase and inorganic pyrophosphatase) are
stored in a buffer containing only 20 mM sodium phosphate

(pH 7.5), these enzymes do not contribute significant
amounts of Tris to the final transcription reaction.

The second concern was the use of dithiothreitol (DTT)
in transcription reactions. In the typical transcription
reaction, 10–20 mM DTT maintains the proper reducing
conditions needed for optimal T7 RNA polymerase activity
(Milligan et al. 1987; Doudna 1997). However, as we are
employing Ni2+-affinity chromatography to immobilize the
fully transcribed RNA (through the HMM protein), we
needed to minimize [DTT] to prevent reducing of Ni2+

(turning the column brown). We have found that the
quantities of DTT in the standard transcription buffer
(10 mM) are not sufficient to impact the Ni2+-agarose resin
we used (QIAGEN Ni-NTA agarose), although stripping and
subsequent recharging of the resin result in some reduction
of the Ni2+. Decreasing the DTT concentration of the tran-
scription reaction severely impacts RNA yield, and thus, the
only way to address this completely would be to dilute the
transcription reaction prior to application to the column.
Typically, we do not choose to do this and generally do not
observe any adverse impact on the column or the prepa-
ration. Obviously, a way around this issue is to use amylose
resin for immobilization via the MBP tag. While we do
achieve quantitative binding to the resin, we have found
that Glc6NP causes a substantial amount of the protein to
be released from the column during the cleavage step.

Implementation of the purification protocol

This new affinity tag uses Ni2+-affinity chromatography,
making it more accessible to a broader spectrum of users,
particularly those who wish to purify only small quantities
of RNA (0.1–1 nmol) for molecular biological or bio-
chemical experiments. To this end, we used QIAGEN Ni2+-
Spin Columns to create an ‘‘RNA miniprep.’’ This involves
performing a small 100 mL T7 polymerase transcription
reaction for 1–2 h at 37°C to which is added 150 mg of
HMM protein (from 3 to 4 mg/mL stock, prepared as
shown in Fig. 2B) and allowed to incubate for 10 min on
ice. The protein/RNA mixture is subsequently passed
through the spin column that has been equilibrated in
Wash Buffer on the lowest spin setting possible (1000 rpm
or 93g on an Eppendorf 5415D microfuge) followed by
three 600 mL washes with Wash Buffer to remove unbound
material. The product RNA is eluted by adding Wash
Buffer + 1 mM Glc6NP to the column, giving it a quick
pulse through which to pass a little buffer, and incubating it
for 10 min at room temperature. As the ribozyme is very
rapidly activated by the presence of Glc6NP, most of the
RNA is cleaved during this first elution, and a second
elution yields only a moderate increase in the yield of RNA.
For an RNA of 93 nt (30.5 kDa molecular weight), this
yielded 200 mL of 4 mM (0.8 nmol) material. Samples from
various steps of this process are shown resolved on a 12%
denaturing polyacrylamide gel (stained with ethidium

FIGURE 2. (A) Ethidium bromide stained 12% denaturing poly-
acrylamide gel of transcription of a 94-nt RNA with the 39 affinity tag
attached in different transcription buffers. (Lane 1) Standard Tris
transcription buffer with 20 mM DTT; (lane 2) standard Tris
transcription buffer with 10 mM DTT; (lane 3) transription with
Na-HEPES (pH 8.0) and 20 mM DTT; (lane 4) transcription with
Na-HEPES (pH 8.0) and 10 mM DTT. Product ‘‘a’’ is the full-length
product, ‘‘b’’ is the cleaved 39-tag, and ‘‘c’’ is the 94-nt desired
product RNA (which is also the size marker in the ‘‘MW’’ lane). (B)
4%–12% SDS-PAGE analysis of expression and purification of the
HMM protein. (Lane 1) Soluble fraction of total cellular lysate; (lane
2) elution from the nickel affinity column; (lane 3) peak from the SP-
column. (*) The product protein; molecular size standards are to the
right of the gel.
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bromide), indicating the quality of RNA eluted from the
column, in Figure 3A. Note that this protocol is not
optimized for full retention of the RNA (Fig. 3A, lanes
1,2) but, rather, rapid purification, and the amount of RNA
obtained from this technique is more than enough for most
molecular biological applications.

For larger-scale production of RNA, the above protocol
was modified to use Ni2+-affinity chromatography with
gravity flow columns. On the 1–4 mL transcription scale,
we use z 3 mL of QIAGEN Ni2+-agarose resin in a 10 mL
disposable column (Pierce). We incubate the transcription
with 1.6 mg of HMM protein/mL of transcription and the
resin for 30 min at 4°C on a rocker; larger volumes of
transcription are purified by linearly scaling up the reaction.
Following washing and elution of the product with 1 mM
GlcN6P, analysis of fractions on a denaturing gel revealed
that the product is of high quality (Fig. 3B). To further assess
the quality of the resulting RNA, we purified and concen-
trated the SAM-I riboswitch RNA using this method and
crystallized the product (data not shown). The resulting

crystals grew under the same conditions and diffracted as
well as those obtained from RNA purified using traditional
denaturing polyacrylamide gel electrophoresis (Montange
and Batey 2006). Thus, like the previous version of the native
affinity tag, this new technique yields RNA of sufficient
quality to meet rigorous structural and biochemical needs.

As described above, the improved version of our affinity
purification system employs both a new activatable ribo-
zyme and a new affinity tag through the use of pRAV23.
However, pRAV24 allows the use of the glmS activated
ribozyme with our previous TmaM-domain based affinity
tag. For this method, the RNA is transcribed as described
above (with K+-HEPES buffer), loaded onto the column,
and washed as described (Kieft and Batey 2004). To liberate
the product RNA, GlcN6P is added as described above, and
the column then is regenerated.

Use of the method with a variety of RNAs

The original RNA native affinity tag version did not allow
purification of all RNAs, as some sequences failed to cleave
from the column. One of these failures was the SAM-I
riboswitch RNA, which had been purified by conventional
means during a recent crystal structure determination
(Montange and Batey 2006). To test if this purification
method could be used with a variety of RNAs, we cloned
several sequences into the vector and tested them for
proper cleavage and elution. In addition to the 94-nt RNA
shown in Figure 3, we also tested a 59-nt product RNA
containing a pseudoknot sequence and a 66-nt guanine
riboswitch sequence. These oligonucleotides were also
easily purified using this method, suggesting that the re-
designed system can be used with a large variety of RNAs.

Conclusion

In order to create a more robust and simple native RNA
purification method, three crucial changes have been made
to our original system: (1) the adoption of a ribozyme that
nature evolved to be activated by a small molecule ligand, (2)
Ni2+ affinity resin as an immobilization matrix, and (3) the
use of a protein (MBP-MS2 coat fusion). Most significantly,
this protocol has been implemented successfully on the small
scale using commercially available spin columns to create
what is effectively an ‘‘RNA miniprep.’’ As the vast majority
of RNA science is performed on this scale (0.1–1 nmol of
RNA), this makes this method accessible and useful to a
broad spectrum of the RNA research community.

MATERIALS AND METHODS

Cloning of pRAV vectors

The parental vector for both pRAV23 and pRAV24 is pRAV12
(Kieft and Batey 2004), which is a derivative of pUC19. To

FIGURE 3. Affinity purification of a 94-nt RNA on small and large
scales analyzed on ethidium bromide stained 12% denaturing poly-
acrylamide gels. (A) Purification of a 100-mL transcription using a
QIAGEN Ni-NTA spin column. (Lane Tx) The raw transcription;
(lane FT) the column flowthrough; (lanes W1–W3) the three wash
steps; (lanes E1,E2) the two 200-mL elutions; (lane S) the imidazole
elution. Bands ‘‘a’’, ‘‘b,’’ and ‘‘c’’ denote the full-length transcript,
39-tag, and 94-nt product, respectively. (B) Purification of a 3.25-mL
transcription using a 3.0-mL Ni-NTA agarose gravity column. Lanes
and bands are marked the same as in A, except that there is a third
elution step (lane E3).
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construct pRAV24, a DNA sequence was constructed using
overlapping oligonucleotides and standard PCR techniques
(Sambrook and Russel 2001) that allowed its insertion into
pRAV12 between the NcoI and XbaI sites (Fig. 1B). The sequence
of the glmS ribozyme is derived from Bacillus subtilis (Winkler
et al. 2004) with a change made in the terminal loop of the P1 helix
such that a KpnI site was added for cloning purposes. This DNA
fragment was placed into pRAV12 using standard molecular
cloning techniques, and the resulting vector (pRAV24) was
sequence verified. To add the MS2 coat protein affinity sequence,
another DNA fragment was generated containing two MS2-coat-
protein-binding stem–loops (Zhou et al. 2002) flanked by XbaI
and BamH1 sites for cloning. This insert was placed into pRAV24
cut with the same enzymes, and the resulting vector (pRAV23)
was sequence verified.

Purification of HMM protein

The HMM (His-tagged MBP-MS2 coat fusion) protein is an
z 59-kDa protein containing an N-terminal hexahistidine tag, a
central maltose-binding protein (MBP) domain, and a C-terminal
MS2 coat protein containing the V29/dIFG mutations (Lim and
Peabody 1994) to prevent coat protein multimerization and
increase its affinity for RNA. The gene encoding this protein
was constructed using standard molecular techniques and inserted
between the NdeI and HindIII sites of pET31b (Novagen). The
resulting kanamycin-resistant plasmid, pHMM, was sequence
verified.

HMM was expressed by transforming pHMM into Rosetta
(BL21)/pLysS. Cells were grown in 1 L of LB medium and
10 mg/mL kanamycin at 37°C to an OD600 nm of 0.7, and expression
was induced with 0.5 mM IPTG. The cells were allowed to
continue to grow for 3 h, harvested by centrifugation, and
resuspended in 50 mL of Lysis Buffer (50 mM sodium phosphate
at pH 8.0, 300 mM NaCl, 0.5% Tween 20, 10 mM imidazole, and
10% glycerol) and 500 mL of bacterial protease inhibitor cocktail
(Sigma). The cells were lysed by sonication, and the cell debris was
removed by centrifugation in a JA-20 rotor (Beckman) for 30 min
at 35,000g. The supernatant was passed over a Ni2+-affinity
column, washed with Lysis Buffer, and eluted using Elution buffer
(Lysis Buffer + 250 mM imidazole). Fractions containing pro-
tein were pooled and dialyzed against 25 mM Na+-MES (pH 6.0)
and 25 mM NaCl overnight at 4°C. The protein was applied to a
Hi-Prep 16/10 SP-Sepharose column (GE Healthcare) and eluted
with a gradient of 0–1 M NaCl over a 200 mL volume (the protein
eluted around 0.2–0.3 M salt). Fractions were pooled and dialyzed
into a buffer containing 25 mM Na+-HEPES (pH 7.5), 200 mM
NaCl, and 10% glycerol prior to storage at � 20°C.

To quantitate the protein, the absorbance at 280 nm was taken
and the concentration calculated using a molar extinction coef-
ficient of 83,310 M�1 cm�1. Typical yields (over five individual
preparations of the protein on the 2–4 L cell culture size) averaged
around 100–120 mg/L culture.

Transcription and purification of RNA

RNA was transcribed from PCR-generated DNA fragments using
established protocols for DNA amplification. To amplify the
template DNA, two oligonucleotides were used that are directed
against the T7 polymerase promoter (59-GEN, 59-gcgcgcgaattctaa

tacgactcactatag-39) and the 39-end of the HMM-binding stem–
loop sequence (39-GLM, 59-cagaccctgatggtgtctgaa-39). A PCR
reaction using 13 HEPES-ThermoPol Buffer (103 consists of
200 mM Na-HEPES at pH 8.6 and 25°C, 100 mM KCl, 10 mM
[NH4]2SO4, 20 mM MgSO4, 0.1% Triton X-100), 2 mM total
dNTPs, 1 mM each oligonucleotide, 0.1 pg of plasmid DNA, and
10 U of Taq polymerase. This reaction was cycled 32 times using
95°C (30 sec), 55°C (30 sec), and 72°C (45 sec) schemes. (Note
that fewer cycles can be used to minimize the potential for
spontaneous mutations. A large number of cycles was used here
to maximize template amount.) The resulting reaction was used
directly for in vitro transcription without any purification.

Transcription was performed in a reaction containing 13

HEPES Transcription Buffer (103 consists of 300 mM Na+-
HEPES at pH 8.0, 100 mM DTT, 20 mM spermidine, and 0.1%
Triton X-100), 32 mM MgCl2, 4 mM each rNTP, 50 mg/mL T7
RNA polymerase, 1 unit/mL inorganic pyrophosphatase (Sigma),
and 8% (v/v) PCR reaction (above) containing the appropriate
template. The reaction was incubated for 2 h at 37°C.

To prepare the transcription reaction for affinity purification,
1.6 mg of HMM protein is added directly to the reaction and
allowed to incubate for 10 min on ice to allow the protein to bind
to the 39 stem–loops. This reaction then is passed over a column
containing z 1 mL of Ni-NTA resin (QIAGEN) per 2 mL of
transcription reaction in a gravity column at room temperature;
to ensure complete binding of the RNA/protein complex to the
column, the flowthrough can be passed through a second time.
The column then is washed three times with four column volumes
of RNA Column Buffer (50 mM K+-HEPES at pH 7.5, 150 mM
NaCl, 10 mM MgCl2, and 10 mM imidazole) to remove
impurities such as excess protein, nucleotides, and RNA abortive
transcription products. To cleave the product RNA from the tag
and elute from the column, two column volumes of RNA Column
Buffer + 1 mM glucosamine-6-phosphate (GlcN6P) were added to
the column and allowed to pass through. Two subsequent elutions
spaced 10 min apart are performed to remove further RNA
(usually most of the RNA comes out in the first two elutions).
The HMM-39 tag complex then is removed from the column
using Elution Buffer (see above, ‘‘Purification of HMM protein’’)
to regenerate the Ni-NTA resin.
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